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Abstract
In the paper, we review some of the progress that has been made, at the ISAC β-NMR facility, towards observ-
ing 8Li+ high ﬁeld cross-relaxation phenomena in copper. The clearest observation of these phenomena is via the
appearance of peaks in the ﬁeld dependence of the relaxation rates of the 8Li+ polarization.
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1. Introduction
Many of the practitioners in the μSR community are familiar with the principle behind avoided-level-crossing
(ALC), also called cross-relaxation (CR), “resonances”. Recall that in a typical high ﬁeld cross-relaxation experiment,
one searches for magnetic ﬁelds where transfer of polarization is occurring between a spin-polarized probe such as
the muon and entities in its environment, such as the surrounding nuclei. These take place when the energy splitting
of the two species match, and the collective set of CR spectra provides the experimenter with important information
regarding the local structure and dynamics associated with the implanted spin-polarized muon. For example, recent
uses include understanding the locations of charged muonium in semiconductors[1, 2, 3], probing radical dynamics in
organic materials[4, 5], etc[6]. The CR technique is of course not restricted to μSR, and has been applied, with great
success, to other spin polarized radioactive implanted probes including 12B[7, 8].
Relatively recently, at the TRIUMF facility in Vancouver, the depth-resolved β-NMR technique was developed
[9, 10]. At this unique facility, spin-polarized 8Li+ ions (nuclear spin 2, lifetime 1.1 s) can be implanted at tunable low
energies within the eV to keV range into materials, corresponding to average stopping depths in the nanometer range.
Then, in analogy with conventional and low-energy μSR, the instantaneous direction of the spin polarization of the
8Li+ is determined by detection of the anisotropic decay of the beta decay particle (i.e. electron). In the last several
years, this technique has been successfully applied to investigate magnetic, electronic and structural phenomena near
the surfaces and interfaces of a number of condensed matter systems [9, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21].
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Figure 1: Time evolution of 8Li+ spin polarization in 〈110〉 Cu “on” (0.71 T) and “oﬀ” (0.80 T) a cross-relaxation resonance. The solid lines are a
ﬁt to the data as described in the text.
Clearly, adding the ability to carry out 8Li+ cross-relaxation experiments to the arsenal of β-NMR tools would be very
useful.
In this paper, we will review some of our progress towards this goal by discussing results on 8Li+ implanted into a
Cu crystal. Copper has a face centered cubic structure and all its nuclei have spin 3/2, i.e. 63Cu and 65Cu with natural
abundance 69.2% and 30.8% respectively. Since the nuclear spin is greater than 1/2, the copper nuclei have a nuclear
quadrupole moment and will interact with the electric ﬁeld induced by the 8Li+. Previous radio-frequency β-NMR
studies of 8Li+ in copper have been conducted, and they imply that above ≈ 150 K[11, 22], the 8Li+ substitutes for a
Cu atom; however, the site of 8Li+ has not been unambiguously established.
2. Experimental
The CR experiments reported in this paper were carried out at the high ﬁeld β-NMR beamline at the Isotope Sep-
arator and Accelerator (ISAC) facility at TRIUMF. 8Li+ with about 70% nuclear spin-polarization, achieved through
collinear optical pumping using circularly polarized laser light[23], was implanted into a copper single crystal of di-
mensions 8 mm x 10 mm x 1 mm (from Accumet Materials Company) and purity 99.999%. Prior to the experiment,
the polished surface of the crystal was sputter cleaned, annealed under ultra-high vacuum conditions, and capped with
a ≈ 4 nm Au layer to prevent surface oxidation. The 〈110〉 direction was perpendicular to the face of the crystal and the
applied magnetic ﬁeld and initial (average) spin polarization of the 8Li+ were along this direction. The experiments
were carried out at 200 K.
3. Results and Discussion
At the ISAC β-NMR facility, two modes of operation are available regarding the 8Li+ beam structure. On the one
hand, the beam can be continuously implanted into the sample. This mode is analogous to that usually used for μSR
cross-relaxation experiments where the integrated 8Li+ polarization is monitored as the magnetic ﬁeld is scanned.
The CR resonances then manifest as a loss in the integrated polarization. However, we have found that the 8Li+
beam at the ISAC facility is suﬃciently unstable that it is challenging to carry out CR experiments in this mode of
operation. In particular, the integrated asymmetry is noisy because not only does the 8Li+ beam wander around the
sample as the magnetic ﬁeld is scanned, but there can be signiﬁcant time dependence of the beam location even at
a constant magnetic ﬁeld. These instabilities lead to changes in the integrated polarization that can overshadow the
CR resonances. Instead, we used the pulsed mode of operation whereby the beam is implanted into the sample for 4
seconds, then oﬀ for 10 seconds. The 8Li+ polarization pz(t) is monitored throughout both the “on” and “oﬀ” times.
18   K.H. Chow et al. /  Physics Procedia  30 ( 2012 )  16 – 19 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
0.2
0.3
0.4
0.5
63Cu
63Cu
65Cu1/
T 1
 
(s-
1 )
Field (T)
65Cu
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
0.04
0.08
0.12
Am
pl
itu
de
Field (T)
Figure 2: Amplitude of pz(t) (top panel) and relaxation rate 1/T1 (bottom panel) versus ﬁeld for 8Li+ at 200 K, in Cu with B ‖ 〈110〉.
(This is analogous to the longitudinal ﬁeld time-diﬀerential experiments carried out in μSR.) Although the penalty is
that we have lower average incoming beam rate, this is compensated by the ability to measure both the amplitude of
the signal as well as its time dependence.
Typical examples of the pz(t) are shown in Fig. 1. There are two notable diﬀerences in the spectra shown in Fig. 1.
The amplitude A of the higher ﬁeld pz(t) is larger and it has a slightly smaller relaxation rate (1/T1). Both features may
be signatures for cross-relaxation. In order to quantify the changes, the pz(t) data at all ﬁelds are ﬁtted (from 0.4 sec to
14 sec) to a single exponential relaxation function[12, 16] (which is found to well-describe all the experimental data).
The magnetic ﬁeld dependence (at 200 K) of both the ﬁtted amplitude and the 1/T1 are shown in Fig. 2. The plot of
A(B) is somewhat “noisy”, but small dips do exist which may be evidence for 8Li+Cu cross-relaxation. However, the
evidence for high-ﬁeld cross-relaxation is much clearer in the 1/T1(B) plot. The ﬁeld-independent “background” 1/T1
above ≈ 0.1 T is a manifestation of the Korringa relaxation[11]. The peaks in 1/T1 (ie. at 0.30 T, 0.38 T, 0.56 T, and
0.71 T) are the signatures of cross-relaxation between 8Li+ and the two isotopes of Cu. Here, the relevant interactions
are the Zeeman interaction of the 8Li+ and the Cu nuclei, the quadrupole interaction induced by the positively charged
8Li+ on the Cu, and the dipolar coupling between the 8Li+ and the Cu. The positions of the peaks should be primarily
governed by the gyromagnetic ratios of the Li and Cu, as well as the quadrupole interactions.
We will postpone a detailed discussion of the mechanism for relaxation, the values of the relevant interactions,
as well as how they can be used to determine the 8Li+ site to a later publication. However, it is clear that we have
observed CR processes between 8Li+ and the two isotopes of Cu. The relative amplitudes of the 0.30 T and 0.38 T
peaks (and 0.56 T and 0.70 T peaks) indicate that they are due to 65Cu and 63Cu respectively because they should
scale with the isotopic abundances. Furthermore, it can be shown that to a good approximation, the positions 63Bres
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and 65Bres of the 63Cu and 65Cu peaks should satisfy
63Bres
65Bres
=
63q
65q
(
γ˜Li − γ˜65
γ˜Li − γ˜63
)
= 1.25 (1)
where 63q and 65q are the quadrupole moments of the 63Cu and 65Cu with values -220 millibarn and -204 millibarn
respectively. The gyromagnetic ratios are γ˜Li, γ˜63 and γ˜65 = 6.301, 11.32, and 12.10 MHz/T for the 8Li+, 63Cu
and 65Cu respectively. Experimentally, Eq. (1) is satisﬁed by the two peaks within each doublet, providing clear
conﬁrmation that they are due to 63Cu and 65Cu.
4. Future Analysis and Directions
We have demonstrated that Cu is a promising system for developing the depth-resolved 8Li+ β-NMR high-ﬁeld
cross-relaxation technique. There are several near-term activities that are currently being undertaken in order to help
unambiguously establish the location of 8Li+ within the Cu lattice, including quantitative analysis of the existing data,
and investigation of diﬀerent orientations between the applied magnetic ﬁeld and the directions of the crystal.
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